In Porphyromonas gingivalis, the protein PG1660, composed of 174 amino acids, is annotated as an extracytoplasmic function (ECF) sigma factor (RpoE homologue-σ24).
| INTRODUCTION
Multiple signaling pathways are known to enable bacteria to alter their gene expression in response to environmental signals. This gene expression is mainly controlled at the transcriptional level, and the regulation includes extracytoplasmic function (ECF) sigma factors, a large group of alternative sigma factors that regulate gene expression in response to cell envelope stresses or environmental stimuli. 1 In
Gram-negative bacteria, some ECF sigma factors are also under the control of the cell-surface signaling system, which includes an outer membrane receptor in the signal transduction pathway.
1,2
The ECF sigma factors belong to subfamily 4 of the sigma 70 class. 2 This diverse group of small proteins contains conserved regions σ 4 and σ 2 , which are necessary for interaction with the RNA polymerase core enzyme and recognition of promoter motifs (-35 and -10, respectively). 3, 4 ECF sigma factors receive and respond to extracytoplasmic stresses, which implies that their function is associated with sensor or transporter proteins located on/in the outer membrane. In most cases, the ECF sigma factors are regulated by their cognate anti-sigma factor, or occasionally by an anti-anti-sigma factor. 2, 5 Other characteristics of the ECF sigma factors are their autoregulation and their ability to modulate relatively small regulons. 2, 6 To date, the regulatory mechanism of ECF sigma factor RpoE (σ24)
from Escherichia coli is well studied and clearly illustrated. 7 In E. coli, the RpoE (σ24) gene is co-transcribed with its cognate anti-sigma factor RseA and its co-anti-sigma factor RseB. 8 Without an inducing signal, RseA tethers the σ24 to the inner membrane, and the binding of RseB to the periplasmic domain of RseA is known to strengthen the inhibition of σ24. 9 Under stress conditions, the RseB is disassociated from RseA by an unknown mechanism. Simultaneously, DegS, a serine protease, degrades the extracytoplasmic domain of RseA while the RseP metalloprotease degrades the transmembrane domain of RseA to release the cytoplasmic domain of RseA and σ24. [10] [11] [12] The last step of the regulated intramembrane proteolysis involves cleavage of the cytoplasmic domain of RseA by ClpXP resulting in the release of σ24
for association with the RNAP core enzyme. 13 Periodontitis is a chronic inflammatory condition of an infectious nature involving the tissues supporting the teeth. 14 Because of the chronic inflammation and other prevailing conditions, including fluctuations in nutrient availability, temperature, pH and oxygen tension, the periodontal pathogens must have properties that will allow them to colonize and survive in the periodontal pocket under stress conditions.
During this encounter, extracytoplasmic stress can result from the effects of the hostile changing environmental conditions on the membrane architecture of the bacteria. Porphyromonas gingivalis, a blackpigmented, Gram-negative anaerobe, is considered as an important etiologic agent of periodontal disease. 15 To date, little is known about the relationship between the regulation of adaptive mechanisms and ECF sigma factors in P. gingivalis. A total of six ECF sigma factors were found in the P. gingivalis W83 genome -PG0162, PG0214, PG0985, PG1318, PG1660 and PG1827. 16 A PG0162-defective mutant showed reduced gingipain activity; 17 a PG1318-defective mutant showed a mutator phenotype; 18 a PG1827-defective mutant showed more sensitivity to oxidative stress; 19 and PGN_0274 and PGN_1740 mutants showed increased biofilm formation in P. gingivalis ATCC 33277. 20 A PG1660-deficient mutant showed more sensitivity to 0.25 mm of hydrogen peroxide and gingipain activity reduction compared with the wild-type. 17 In this study, we show that PG1660, an RpoE homologue, is a sigma factor that can respond to environmental stress signals and regulate the expression of genes by binding to their promoter regions.
The likelihood that the PG1660 modulated genes may be part of a yet-to-be described oxidative stress resistance pathway is further discussed.
| MATERIAL AND METHODS

| Bacterial strains, plasmids, and culture conditions
Strains and plasmids used in this study are listed in Table 1 . The P. gingivalis strains were cultured as described previously. 21 In brief, P. gingivalis was grown in brain-heart infusion (BHI) medium supplemented with yeast extract (0.5%), hemin (5 μg mL
and cysteine (0.1%), and incubated in an anaerobic chamber in 10% H 2 , 10% CO 2 and 80% N 2 at 37°C.
| Bioinformatics analyses
The secondary structure prediction and modeling of the proteins were performed using the online software package I-Tasser (http:// zhanglab.ccmb.med.umich.edu/I-TASSER/). 22, 23 Multiple sequence alignment was performed using the online ClusTalW2 software (www.
ebi.ac.uk/Tools/msa/clustalw2) and the online NCBI BlasT tools (blast.
ncbi.nlm.nih.gov/Blast.cgi). The motif logo was created by using the online logo software (weblogo.berkeley.edu).
| Creation of PGN_0450-deficient mutant FLL398
Polymerase chain reaction (PCR) -based fusion of several fragments was performed as previously described. 17 The primers used are listed in Table 2 . The promoter containing erythromycin-resistant cassette, ermF, was fused to 1 kb upstream and 1 kb downstream fragments of PGN_0450. 24 The fused fragment was used to transform P. gingivalis ATCC33277 as previously reported. 25 The transformant was plated on a BHI agar plate containing 10 μg mL −1 of erythromycin and incubated at 37°C for 10 days. The correct gene replacement in the erythromycin-resistant mutant was confirmed by PCR and DNA sequencing. 
T A B L E 1 Strains and plasmids used in this study
| Creation of PG0162-PG1660 deletion mutant FLL356
A promoter containing tetracycline-resistant cassette tetQ was PCR amplified from pT-COW, 26 and fused to the 1-kb upstream and 1-kb downstream fragments of PG1660. The fused fragment was used to transform the PG0162-deficient mutant strain P. gingivalis FLL350 by electroporation. 17 The cells were plated on BHI agar containing 10 μg mL −1 of erythromycin and 3 μg mL −1 of tetracycline, and then incubated at 37°C for 10 days. The correct gene replacement in the tetracycline-and erythromycin-resistant mutant was confirmed by PCR and DNA sequencing.
| Hydrogen peroxide stress and growth study with NaCl
The hydrogen peroxide stress study was performed as previously reported. 21 Briefly, aliquots of an overnight P. gingivalis culture were used to inoculate fresh pre-warmed BHI broth, which was further incubated at 37°C under anaerobic conditions. At an optical density at 600 nm (OD 600 ) of approximately 0.2, hydrogen peroxide was added to the testing cultures to a concentration of 0.25 mm. The growth of the cultures was monitored spectrophotometrically (OD 600 ) at regular intervals after the addition of the hydrogen peroxide. BHI broth was used as a blank control. The tolerance of P. gingivalis to NaCl was performed by inoculating fresh pre-warmed BHI broth containing 0.4 m NaCl and monitor its growth spectrophotometrically (OD 600 ) as described above. The cultures incubated in regular BHI broth at 37°C
under anaerobic conditions were used as controls. For the transcriptome study of P. gingivalis exposed to oxidative stress, the cells were collected after exposure to 0.25 mm of hydrogen peroxide for 15 min at the OD 600 ≈ 0.8.
| Biofilm assay
Porphyromonas gingivalis cells were harvested from overnight grown culture, and then washed twice with 1× PBS buffer. The cell pellet was resuspended in BHI/PBS (1/2) and adjusted to a cell density at OD 600 ≈ 0.2~0.3. Aliquots (100 μL) of the cell suspension were distributed in 96-well polyvinyl chloride microplates and incubated overnight anaerobically at 37°C. The bound cells were stained with 100 μL of a crystal violet solution for 30 min at room temperature, and then washed four times with 1× PBS buffer. The bound cells were de-stained in 100 μL of 95% ethanol for 30 min and then 500 μL of ddH 2 O was added. Absorbance of crystal violet from the micro-plate was measured by using a spectrophotometer at 550 nm.
| DNA microarray
For RNA isolation, the P. gingivalis cells were grown to OD 600 of 0.8 and collected by centrifugation at 10 000 g for 10 min at 4°C. Total 
| RNA sequencing
The RNA sequencing was performed as previously reported. 28 Briefly, ribosomal RNA was removed from 2 μg of total RNA using a RiboMinus 
| Real-time quantitative PCR
Amplifications were performed with the SYBR Green kit (Life was used to analyze the data as described elsewhere. 
| Reverse transcription PCR
The primers used to amplify the PG1660 or PG1659 gene are listed in Table 2 . The PCR were performed as follows: 95°C for 5 min; 94°C for 15 s, 53°C for 30 s, 68°C for 1 min, 25 cycles. Each amplification reaction was performed in triplicate for each gene. The 16S rRNA was used as a reference in this experiment.
| Overexpression and purification of recombinant PG1660
The PG1660 coding region without stop codon was amplified by PCR and then ligated to an expression vector pET102/D-TOPO (Life Technologies). The recombinant plasmid pET102-1660 was F I G U R E 3 (A) Electrophoretic mobility shift assay showed that rPG1660 could bind to the promoter of PG1660. 1, reaction without rPG1660 as control; 2, reaction with addition of rPG1660; 3, reaction with addition of non-labeled promoter as competitor. (B) Reverse transcriptionpolymerase chain reaction (RT-PCR) of PG1660 showed that PG1660 was induced when Porphyromonas gingivalis was exposed to hydrogen peroxide. 1, 16S gene amplified by using cDNA of W83; 2, 16S gene amplified by using cDNA of W83 stress; 3, PG1660 gene amplified by using cDNA of W83; 4, PG1660 gene amplified by using cDNA of W83 stress. (C) RT-PCR showed that PG1660 and PG1659 are in the same operon. 1, PG1659-1660 gene amplified by using W83 RNA; 2, PG1659-1660 gene amplified by using W83 cDNA; 3, PG1659 gene amplified by using FLL354 cDNA; 4: PG1659 gene amplified by using W83 cDNA F I G U R E 4 (A) Growth study showed that inactivation of PGN_0450 did not affect the growth of ATCC33277. (B) PGN_0450 mutant showed 50% reduction of biofilm formation. All the results shown as the average of at least three replicates, and the asterisks indicated the significant difference between activity of mutant compared with the wild-type (P < 0.005, two tailed t-test)
transformed into E. coli BL21 (DE3) (Life Technologies). The transformant strain carrying the pET102-1660 plasmid was designated as FLL387. Overexpression of the recombinant PG1660 (rPG1660) protein containing a hexahistidine -tag at the C-terminal was induced by 1 mm of IPTG at 16°C. The rPG1660 was purified from E. coli BL21 cell lysate by using nickel-nitrilotriacetic acid (Ni-NTA) beads according to the manufacturer's guidelines (Qiagen, Valencia, CA).
| Western blot
The overexpressed and purified rPG1660 was analyzed by sodium 
| RNA ligase-mediated rapid amplification cDNA end assay
The transcriptional start site (TSS) was determined by 5′-RACE using 
| Electrophoretic mobility shift assay
DNA fragments containing the promoter regions of the PG1660 and the highly downregulated genes in FLL354 were PCR amplified, respectively, and then labeled with the Biotin 3′ end DNA labeling kit (Thermo Scientific/Pierce Bio, Rockfold, IL). The electrophoretic mobility shift assay (EMSA) was performed according to the manufacturer's guidelines (Thermo Scientific). Briefly, 0.5 (or 1) pmol of the purified rPG1660 protein was mixed with 10 fmol of biotin-labeled DNA in binding buffer (10 mm Tris-HCl, 50 mm KCl, 1 mm dithiothreitol; pH 7.5), and incubated at room temperature for 30 min. The samples were resolved using a 5% polyacrylamide non-denaturing gel and analyzed using a chemiluminescence nucleic acid detection kit (Thermo Scientific).
| In vitro transcription
In vitro transcription assay was performed using the E. coli RNA polymerase core enzyme (Epicentre, Madison, WI), and the purified rPG1660 protein. The DNA fragment carrying the PG1660 promoter was used as template. The primers used are listed in Table 2 . The reactions were incubated at 37°C for 2 h in buffer containing 40 mm 
| RESULTS
| Protein modeling of PG1660
PG1660 is 525-bp in length and codes for a 174-amino-acid protein.
Protein modeling shows that the PG1660 protein has two sigma-70 subdomains at amino acid positions 24-91 (σ2) and 116-168 (σ4), respectively ( Figure 1A , B, C), and these two subdomains contain HelixCoil-Helix motifs that could bind to DNA ( Figure 1D ). The modeling also shows that PG1660 has motifs that could bind to peptides/proteins ( Figure 1E ). The amino acid sequence blast showed that PG1660
is 44% homologous to sigma-24 of Bacteroides coprocola (E value: 4e-45), 41% homologous to sigma-24 of Paludibacter propionicigenes WB4 (E value: 3e-39), and 29% homologous to RpoE of E. coli K-12 (E value:
1e-17).
| The TSS of the PG1660 is mapped to an adenine residue
The TSS of PG1660 was determined by using 5′-RACE. As shown in Figure 2 (A), a 600-bp length DNA fragment was PCR amplified.
An adenine (A) residue which locates 54-nucleotides upstream of the predicted translation start codon ATG was identified as the TSS by DNA sequencing ( Figure 2B ). Putative -35 "GTCTCA" and -10 "TGTAAG" elements were observed upstream of the TSS ( Figure 2B ). Figure 2D ). These results indicate that the P. gingivalis rPG1660 protein may function as a sigma factor and can initiate transcription from its own promoter. PG1660 is designated RpoE (sigma-24).
| The protein rPG1660 function as sigma factor
T A B L E 3 Comparison of differentially expressed genes in FLL354 and W83 under hydrogen
| Electrophoretic mobility shift assay showed that PG1660 is autoregulated
A 228-bp DNA fragment containing the promoter region of the PG1660 gene was PCR amplified and labeled with biotin. The EMSA shows that the purified rPG1660 protein could bind to its own promoter and result in a significant retardation in its migration compared with the control ( Figure 3A) . Additionally, the shift was significantly inhibited by the addition of a 200-fold concentrated non-labeled PG1660 promoter DNA fragment.
| The PG1660 gene can be modulated by hydrogen peroxide-induced stress
Porphyromonas gingivalis FLL354, a PG1660-defective isogenic mutant, is more sensitive to hydrogen peroxide compared with the wild-type W83 strain. 17 RT-PCR was used to analyze the expression of the PG1660 gene in P. gingivalis W83 under both anaerobic and oxidative stress conditions. As shown in Figure 3 (B), the expression of the PG1660 gene was induced when P. gingivalis was exposed to 0.25 mm of hydrogen peroxide. RT-PCR was also used to determine if PG1660 and PG1659 were in the same operon as there is a fournucleotide overlap between these two genes. As shown in Figure 3 (C), the PG1660-PG1659 fragment was amplified from the W83 cDNA, which indicated that PG1660 and PG1659 are part of the same transcriptional unit.
| ECF sigma factor can modulate biofilm formation in P. gingivalis
ECF sigma factors in other bacteria including P. gingivalis can modulate biofilm formation as part of their adaptation to changing environmental conditions. [30] [31] [32] To evaluate the role of PG1660 in biofilm formation, an isogenic mutant defective in PGN_0450 (PG1660 homologue) was constructed in P. gingivalis ATCC33277. As reported, P. gingivalis W83 is a poor biofilm forming strain. 30 Similar to the wild-type, the PGN_0450-deficient mutants showed black pigmented colonies on blood BHI plates. One colony randomly chosen and designated FLL398 was used for further studies. Porphyromonas gingivalis FLL398 (∆PGN0450::ermF) had a similar growth rate compared with the wildtype strain ( Figure 4A ). The FLL398 isogenic strain showed more than 50% reduction of biofilm formation compared with the wildtype ATCC33277 strain ( Figure 4B ). These results indicated that the PG1660 (RpoE) may be involved in the regulation of biofilm formation in P. gingivalis. It is noteworthy that P. gingivalis FLL398 is more sensitive to hydrogen peroxide compared with the wild-type P. gingivalis ATCC33277 strain (data not shown). Table S1 ). All five genes downregulated more than two-fold are predicted to encode hypothetical proteins, including PG1459, PG0844, PG0655, PG1511 and PG0374.
The genes upregulated more than two-fold include PG0555 encoding a putative histone-like family DNA binding protein, PG0906 encoding G/U mismatch-specific DNA glycosylase with PG0554, PG1085 and PG1268 encoding hypothetical proteins.
Under hydrogen peroxide stress conditions, approximately 865 genes (including 468 genes that were downregulated and 397 that were upregulated more than 1.5-fold) were differentially expressed in P. gingivalis FLL354 compared with the wild-type strain. Several of the genes most highly downregulated in FLL354 are functionally associated with metabolism, transport and transposons ( Figure 5A ; Table 3 ; see Supplementary material, Table S2 , S3 and S4). Notably, genes involved in thiamine and menaquinone synthesis were downregulated (
Figure 5B, C; see Supplementary material, Table S3 ), which indicated that PG1660 (RpoE) could be involved in regulation of secondary metabolism.
To confirm the DNA microarray gene expression profile, 11 genes that were observed to be highly downregulated in FLL354 (four under anaerobic conditions, and seven under hydrogen peroxide stress conditions) were selected for expression analysis by using real-time quantitative PCR. As shown in Tables 4 and 5 , a similar pattern of expression was observed in these genes.
| PG1660 regulates expression of PG0844, PG00374, PG1511, PG2111 (thiS) and PG1459
PG0844, PG1459, PG0374, PG1511 and PG2111 (thiS) were highly downregulated in FLL354 under both anaerobic and hydrogen peroxide stress conditions (see Supplementary material, Tables S1, S3 and S4). To determine if the regulation of these genes was directly associated with the PG1660 protein, the predicted promoter region of these genes carrying their putative "-35" and "-10" elements were PCR amplified and labeled with biotin. In the presence of the purified rPG1660, the mobility shift assay shows a significant retardation in the migration of the promoter DNA fragments of these genes compared with the control 
| Characterization of PG0162-PG1660 mutant (FLL356)
The ECF sigma factor PG0162 has 29% identity with PG1660 ( Figure 7A ), and was shown to be involved in virulence regulation in P. gingivalis W83. 17, 33 To investigate any "cross-talk" between these two systems, the impact of their combined function on virulence regulation in P. gingivalis was evaluated. A P. gingivalis isogenic mutant defective in both the PG0162 and PG1660 genes was created and further characterized. On BHI blood agar plate in the presence of erythromycin and tetracycline, the PG0162-PG1660-defective mutants showed black pigmented colonies. One randomly chosen colony designated FLL356 (ΔPG0162::ermF-ΔPG1660::tetQ) was used for further studies. The FLL356 strain showed a lower growth rate compared to the wild-type ( Figure 7B ), and more sensitivity to 0.25 mm of hydrogen peroxide or 0.4 m of NaCl as compared with the wild-type. The gingipain activity for FLL356 was decreased by 60% and 30% for Rgp and Kgp, respectively, compared with the wildtype W83 ( Figure 7C ).
| Transcriptome analysis of PG0162-PG1660-deficient mutant FLL356
To investigate the combined effect of PG0162 and PG1660 on the modulation of genes in P. gingivalis, expression profiling by DNAmicroarray analyses was performed. Under anaerobic conditions four genes were downregulated more than two-fold and 165 genes were downregulated 1.5~2.0-fold; 23 genes were upregulated more than two-fold and 150 genes were upregulated 1.5~2.0-fold in FLL356
compared with the wild-type (see Supplementary material, Table   S5 ). Among the differentially expressed genes, 130 were annotated as unknown functional/hypothetical proteins, including 67 that were upregulated and 63 that were downregulated (see Supplementary material, Table S6 ).
PG0290 (porM) and PG0291 (porN), encoding PorSS (Por Secretion
System) proteins, were downregulated more than two-fold; PG0287 F I G U R E 7 (A) Alignment of the amino acid sequences of PG0162 and PG1660. (B) Growth study showed that FLL356 (ΔPG0162-ΔPG1660) has a lower growth rate than the wild-type, and also showed more sensitivity to hydrogen peroxide and NaCl compared with the wild-type. Arrow shows the time-point of addition of hydrogen peroxide. (C) Gingipain activity assay showed that both Rgp and Kgp activity decreased in FLL356. All the results shown as the average of at least three replicates, and the asterisks indicated the significant difference between activity of mutant compared with the wild-type (P < 0.005, two-tailed t-test). (D) Category of genes differentially expressed in FLL356 under anaerobic conditions
and PG0810, encoding PorSS proteins, were downregulated more than 1.5-fold. PG1663, PG1665, PG1666 and PG1667, encoding ABC transporter system proteins along with PG1664 that encode for a permease, were downregulated more than 1.5-fold (see Supplementary material, Table S6 ). Interestingly, all the differentially expressed ribosomal proteins were upregulated, and all the differentially expressed transposons were downregulated ( Figure 7D ).
RNA-sequencing was used to analyze the expression profile of
FLL356 under oxidative stress conditions (see Supplementary Figure   S1 ). In all, 195 genes were downregulated for more than 1.5-fold including 49 genes coding for hypothetical proteins; 221 genes including 49 encoding hypothetical proteins were upregulated for more than 1.5-fold (Table 6; Supplementary Tables S7, S8 and S9). Eight PorSS genes were downregulated more than two-fold including porY, porP, porK, porL, porM, sov, porR, PG1058; porN was downregulated 1.98-fold, porW and porT were downregulated for 1.70-fold. Gingipain-encoding genes rgpA, rgpB and kgp were downregulated between 1.5-and 2-fold. Similar results
were observed by using quantitative real-time PCR (Table 7) . Thirteen CRISPR-associated proteins were downregulated in FLL356 under hydrogen peroxide stress conditions (Table 6 ). It is noteworthy that three ECF sigma factor PG0214, PG0985 and PG1827 were upregulated more than two-fold in FLL354 under hydrogen peroxide stress conditions (see Supplementary material, Table S8 ).
T A B L E 6 Genes were downregulated in FLL356 as compared to the wild-type under hydrogen peroxide stress conditions 
| DISCUSSION
Oxidative stress resistance via its protection against damage to DNA, protein, vital cell components and other macromolecules is critical for the survival of P. gingivalis exposed to oxygen, hydrogen peroxide and reactive oxygen species) in the periodontal pocket. 34 This is believed to be initiated by regulators that facilitate signal transduction in response to these specific environmental signals. In E. coli, the transcriptional regulator OxyR and the sigma factor RpoS are known to play a significant role as sensor and/or response regulator in a protective mechanism(s) against hydrogen peroxide-induced oxidative stress. [35] [36] [37] Although the OxyR in P. gingivalis is not a sensor to hydrogen peroxide, it can activate transcription of oxidative stress-related genes, 38 which raises the question of other transcriptional regulators/ sensors that would be involved in a protective mechanism against hydrogen peroxide-induced stress. Two recent reports demonstrate that ECF sigma factors PG1660 and PG1827 in P. gingivalis can be response regulators to hydrogen peroxide. 17, 19 In the present study we provide further evidence of the ECF sigma factor PG1660 and its role in hydrogen peroxide-induced stress resistance in P. gingivalis. In addition to its ability to be modulated by hydrogen peroxide-induced stress, its function(s) including its autoregulation was confirmed by its ability to interact with the RNA core polymerase from E. coli, the binding and initiation of transcription from its promoter. The predicted -35 promoter element recognized by PG1660
is different from the traditionally -35 element (TTGACA) in Gramnegative bacteria, 39, 40 and the consensus promoter motif recognized by other P. gingivalis ECF sigma factors previously reported. 19, 33 In most cases, the ECF sigma factor is regulated by its cognate anti-sigma factor protein, which is encoded by a downstream gene on the same transcriptional unit. 2, 5 It is likely that the ECF sigma factor PG1660
could have a similar regulatory mechanism as the PG1660 and PG1659
(predicted anti-sigma factor) genes that were shown to be part of the same transcriptional unit.
Usually, the ECF sigma factor only controls a small regulon in response to environmental stress conditions. 1, 41 In our study only a few genes were downregulated in the PG1660-deficient strain (FLL354) under anaerobic conditions. This is in contrast to the large group of genes that were downregulated in the same strain under hydrogen peroxide stress conditions, so indicating that PG1660 plays an important role in response to the environmental stress. Due to the evidence that most of the genes differentially modulated by PG1660 encode for hypothetical proteins or proteins with unknown function, this could raise the possibility that an important component(s) of this oxidative stress protection mechanism is still undefined. This is further supported by the observation that the increased sensitivity of P. gingivalis FLL354 to hydrogen peroxide did not correlate with the increased expression of several of the genes -PG1545 (sodB) encoding superoxide dismutase, PG0618 encoding the C subunit of alkyl hydroperoxide reductase, PG0034, PG0275 and PG0616 encoding thioredoxin that is known to be associated with oxidative stress resistance in P. gingivalis. 34, 42 Taken together, it is likely that an ECF sigma factor PG1660-specific gene or regulon has a high relative significance in oxidative stress resistance. Moreover, because none of the genes related to oxidative stress in P. gingivalis such as PG1545 (sodB), PG0618/9 (ahpC-F), PG0880 (bcp), PG0270 (oxyR), PG0616 (trx) and PG1089 (rprY) were downregulated in FLL354 under both anaerobic and hydrogen peroxide stress conditions, it indicates that the sigma factor PG1660 could be involved in the regulation of a yet-to-be defined oxidative stress resistance pathway.
Gingipain activity in P. gingivalis can be part of a network of mechanisms associated with oxidative stress resistance. For example, gingipain activity is known to play a role in heme accumulation on the cell surface resulting in its black pigmentation. 43, 44 A response to oxidative stress will involve binding of oxygen and its toxic derivatives to iron accumulated on the surface of the cell. 45 The bound heme can be involved in the catalytic destruction of the toxic oxygen derivative species. 46, 47 Because gingipain activity can be regulated at multiple levels (including transcriptional and posttranslational), modulation occurring at any of these levels can impact oxidative resistance. Inactivation of the ECF sigma factor PG1660 gene resulted in decreased gingipain activity and increased sensitivity to hydrogen peroxide. 17 There was a decrease in sialidase gene expression, the activity of which is involved in the posttranscriptional regulation of the gingipains. 48 In addition, T A B L E 7 Confirmation of genes differentially expressed in FLL356 under hydrogen peroxide stress conditions genes encoding important components of the type IX secretion system (PorSS), which is important for transportation of CTD-containing proteins including the gingipains, 49 were also modulated by the ECF sigma factor PG1660.
Transposition is known to be triggered by cellular stress, which can provide an adaptive response to the local environment. [50] [51] [52] The downregulation of transposon and related gene in the PG1660-defective mutant could support a role for the ECF sigma factor PG1660 in this process. In contrast to the wild-type, based on the diminished growth of the PG1660-deficient isogenic mutant under hydrogen peroxideinduced stress, the upregulation of ribosomal proteins and other proteins involved in translation was unexpected. In Bacillus subtilis, the activation of sigma B in response to the environmental stress has been shown to be mediated by a process involving ribosomal protein. 53 Whether the ribosomal protein-mediated mechanism is involved in the ECF sigma factor responding to hydrogen peroxide in P. gingivalis is unknown.
ECF sigma factor, PG0162 shares a 29% homology with PG1660
(RpoE). Similar to the ECF sigma factor PG1660, PG0162 can be involved with the regulation of the type IX secretion system in P. gingivalis (PorSS). 54 However, in contrast to the PG1660-deficient mutant, the PG0162-deficient mutant (P. gingivalis FLL350) showed a similar sensitivity to hydrogen peroxide-induced stress, or other environmental stress including NaCl, pH, and temperature compared with the wild-type W83 strain. 33 The P. gingivalis FLL356 (∆PG0162::ermF-∆PG1660::tetQ) showed increased sensitivity to the hydrogen peroxide and NaCl compared with either FLL350
(∆PG0162::ermF) or FLL354 (∆PG1660::ermF). Gingipain activity in P. gingivalis FFL356 was now regulated both at the transcriptional and posttranscriptional levels. In addition to the downregulation of the genes involved in the type IX secretion system, the gingipain genes were also downregulated. It is noteworthy that several genes encoding CRISPR-associated proteins were downregulated in FLL356 under hydrogen peroxide stress conditions. The CRISPR-Cas system in bacteria can play a role in oxidative stress resistance. 55 Together, the modulation of these systems could contribute to increased oxidative stress sensitivity consistent with their functional roles described elsewhere. 56 Although we cannot rule out the regulation of other genes, it is likely that a synergy between both ECF sigma factors, PG0162 and PG1660 regulatory systems, would contribute to increased oxidative stress resistance. This would also highlight the complexity of interaction of the regulons controlled by ECF sigma factors PG0162 and PG1660 and the possibility of a more complex mechanism of oxidative stress resistance.
Other transcriptional regulators were upregulated in P. gingivalis FLL354, indicating that the PG1660 ECF sigma factor could be part of a complex regulatory signaling network in P. gingivalis. Intricate cross talks between bacterial signaling pathways triggered by stress and other environmental signals facilitate built-in redundancies that could have important physiological consequences that are vital for microbial survival/pathogenesis. 57, 58 A likely mechanism exists in P. gingivalis for the crosstalk/interaction between the PG1660 ECF sigma factor and other regulators.
As a pathogen, P. gingivalis must respond to and persist through the inflammatory microenvironment of the periodontal pocket. As a consequence of the hydrogen peroxide and other reactive oxygen species from polymorphonuclear leukocytes that are present in the inflamed gingival pocket, a regulatory system(s) that is responsive to specific environmental cues and that induces gene activation is vital for microbial survival/pathogenesis. We have demonstrated the functional properties of sigma factor PG1660 (RpoE) in P. gingivalis. It is likely that PG1660 may be involved in a unique and complex regulatory network that may represent a yet-to-be described oxidative stress resistance pathway in P. gingivalis. How the oxidative stress signal is sensed, the activation of the ECF sigma factor PG1660 (RpoE) and how the cognate anti-sigma factor is modulated need further study.
